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The effects of thyroid hormone (TH) are pervasive throughout the various tissues [1] and across the development of the organism [2] , yet the most recognized TH action is the regulation of energy expenditure (EE). Historically, basal metabolic rate (BMR) measurement by indirect calorimetry has represented the gold standard for the assessment of TH action [3] until the advent of immunoassay methods for the direct measurement of TH and TSH [4] . Although the dramatic effects of severe dysfunction, either hyperthyroidism or hypothyroidism, on EE are obvious and well described [5, 6] , the molecular underpinnings of the effects of TH on EE are not completely understood, and the effects of subtle dysfunction of the thyroid axis on EE have not been clearly defined as yet. Despite this uncertainty, the belief that minimal changes in TH signaling cause considerable perturbation in EE, symptoms and clinical indices of euthyroidism are widespread, even in the absence of abnormalities in the TSH or TH levels [7, 8] . Furthermore, the prominent effects of TH on energy metabolism have prompted intense research toward the therapeutic use of TH supplementation or the development of TH analogs to promote energy dissipation and ultimately weight loss [9] . The aim of this mini review is to describe the pleiotropic actions of TH on EE in both physiology and pathologic states as well to review the effects of TH replacement or supplementation on EE. 1 
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1 ATPase, and sarcoendoplasmic calcium ATPase, requiring additional ATP consumption to maintain the ion gradients [18] .
Moreover, the inotropic and chronotropic actions of TH on the myocardium are well described and account for a demonstrable change in oxygen consumption as a result of changes in the TH status, both in vitro and in vivo [19] .
TH action also has a remarkable modulatory effect on mitochondrial respiration by promoting mitochondrial biogenesis directly [20] and by stimulating the transcription of PGC-1a [21] , which is considered the master regulator of aerobic respiration. Additionally, TH action has the ability of shunting the proton gradient in the inner membrane of the mitochondria, effectively diverting chemical energy into heat. Aside from UCP-1, TH decreases the efficiency of oxidative phosphorylation of the mitochondrial respiration by activating the mitochondrial permeability transition pore and by modulating the ADP/ATP translocase [22] .
The exquisite local, tissue-specific modulation of the TH action resulting from the interaction of circulating levels of TH with local conversion of T4 into T3, its transport within the target cell, and the interaction with the receptor isoforms and transcription apparatus enables a remarkable variability of the TH signaling (and as a result a modulation of oxygen consumption) at a cellular level [23] . This is exemplified by the effects of cold exposure on brown adipose tissue (BAT) by which the activation of the b3-adrenergic pathway promotes a transient state of "cellular hyperthyroidism" driven by the action of the type 2 deiodinase, which in turn results in a local stimulation of transcription of UCP-1, and mitochondrial membrane permeability, ultimately promoting a dissociation between mitochondrial respiration and ATP production, generating an extremely efficient and timely generation of heat to maintain the core temperature [24] . At the cellular level, TH action is modulated by a group of enzymes containing selenoproteins. Among these three enzymes, type 1 and 2 deiodinase convert T4 (inactive or prohormone) to active TH T3, allowing local concentration changes and regulation of hormone action in certain tissues without showing considerable variation on serum levels. Type 2 deiodinase has a high affinity for T4 and is primarily found in brain, pituitary gland, thyroid, muscle, and brown fat and particularly important in the time-and tissue-specific regulation of TH action in thermogenesis.
Collectively, TH action plays a critical role in the modulation of EE in vertebrates, and it has a unique role in the maintenance of core temperature in warm-blooded animals. These effects are mostly permissive, and in physiologic states, the local modulation of the hormonal signaling rather than changes in circulating levels of TH is responsible for the cellular specificity of TH on respiration and ultimately on EE.
Measurement of Energy Expenditure
The most reliable method for the measurement of EE and its components is the indirect calorimetry which is based on the Weir's equation in which EE 5 [3.94 3 volume of oxygen uptake (VO 2 )] 1 [1.1 3 carbon dioxide output (VCO 2 )] [25] ; hence, by measuring the differential in O 2 and CO 2 between gas inhaled and exhaled, one can calculate the calorie consumption, on the assumption the individual is in a steady nutritional state and is not engaging in substantial physical activity. Historically, this method has represented the gold standard for the office-based assessment of thyroid function as BMR [26] . Additionally, by measuring the differential in CO 2 production versus O 2 consumption, one can generate the respiratory quotient, which in turn allows the estimation of substrate utilization, in which 1 represents all carbohydrate, whereas 0.7 represents all fat oxidation [27] .
The vast majority of indirect calorimeter EE measurements are performed by the ventilated hood method, which relies on a portable gas analyzer apparatus connected to a small dome hood that surrounds the study subject [28] . Ventilated hood methods are "open" by which the apparatus measures exclusively expired air, whereas the inhaled air is "estimated" by measuring a reference air sample. The advantages of this method reside in the portability of the apparatus and the relative low cost. Conversely, the recordings using the ventilated hood method are limited in time by the necessity of keeping the subject immobile, awake, and calm. Moreover, the sensitivity and accuracy of the system are greatly reduced by the fact that the inhaled air is estimated/calculated rather than measured [29] . Hence, changes in humidity or O 2 or CO 2 concentration (e.g., recording performed in small rooms with more than one observer) may negatively affect the accuracy of the recordings. Conversely, by fitting a portable indirect calorimeter with a mask, one can record gas exchange during exercise.
The whole-room calorimeter "metabolic chamber" method is based on the continuous measurement of air entering and exiting a sealed room with continuous mixing of the air (turbulent flow) in which the study subject can reside for prolonged period of time, up to a few days, and perform normal daily activities, including exercise [30, 31] . This method is currently considered the gold standard for the measurement of EE, because its accuracy is greater than the ventilated hood [32] , and it allows the recording of all of the EE components in near free-living conditions [10] . Major limitations of the whole-room calorimeter method are represented by the cost of the apparatus and by the inability of measuring reallife conditions. An alternative method for the estimation of EE is based on the administration of water doubly labeled with stable isotopes ( 2 H 2 18 O) and the measurement of the differential disappearance of hydrogen vs oxygen molecules [33] as measured by mass spectroscopy. This method allows the estimation of average TEE over a long period of time (usually 1 month), and its major advantage resides in the recording of EE in free-living conditions [33] without the risk associated with the exposure to ionizing radiations. The disadvantages are related to its cost, the inability of measuring the EE components, and the fact that the measurement is based on a series of assumptions such as stable weight and average diet.
Accelerometers represent an attractive alternative for the estimation of EE [34] . The technology is inexpensive and noninvasive, but the measurement is based on multiple assumptions, resulting in a low accuracy [35] .
Collectively, multiple methods are available for the estimation of EE and its components, and at the present time, the whole-room indirect calorimeter represents the most accurate tool, able to measure the entire spectrum of EE and its components, but its costs and requirement of highly specialized personnel severely limit its applications (Table 1) .
Clinical Correlates of Thyroid Disorders on EE

A. Hyperthyroidism and EE
Florid hyperthyroidism exemplifies the pervasive effects of TH on EE, and indeed, the measurement of BMR was used to assess the severity and course of the disease [3] . Aside the direct effects of TH on cellular respiration and ion channels (see above), the energetic costs of hyperthyroidism include its effect on the cardiovascular system [19] and, via the synergistic effects on the sympathetic nervous system, the fine tremors and increase in spontaneous movements, leading to a notable increase in NEAT [36] . Additionally, there is experimental evidence that a maladaptive activation of the nonshivering thermogenesis in BAT provides additional contribution to the increase in EE associated with hyperthyroid states [37, 38] . This is likely mediated by the positive transcriptional effects of T3 on UCP-1 [39] . In this case, T3 is not generated locally within the brown adipocyte by the action of type 2 deiodinase, which is inhibited by T3 [38] , but rather deriving from the excess of circulating hormone.
Experimentally, Kim et al. [40] studied six Korean women with Graves disease during the course of a year after diagnosis and measured EE by indirect calorimetry at baseline, then at 4, 8, 12, 26, and 52 weeks after treatment with methimazole. At baseline, REE was 140% of predicted REE, which reduced to 113% at week 52. Free T3, total T3, and free T4 were significantly correlated with REE as well as peripheral deiodinase activity [40] . In another study, metabolic changes in REE were measured (by indirect calorimetry) during the treatment course of hyperthyroidism in 21 Chinese women. EE was found to be significantly reduced (28.7 6 4.0 kcal/kg to 21.5 6 4.1 kcal/kg; P , 0.001), and respiratory quotient was increased (0.76 to 0.81; P 5 0.037), indicating a shift in substrate utilization from fat to carbohydrate oxidation [41] . Of note, changes in the REE were correlated with FT3 levels; however, leptin levels did not change significantly.
Although the changes in EE during clinical hyperthyroidism have been clearly demonstrated in clinical studies, the literature on the effects of subclinical hyperthyroidism is very limited and inconclusive [42, 43] .
B. Hypothyroidism and EE
The dramatic increase in EE observed in hyperthyroidism is mirrored by a decrease in EE of similar entity during hypothyroidism, although its contribution to weight gain and obesity is comparatively reduced [44, 45] . The possibility of fine-tuning the thyroid homeostasis (at least as it relates to TSH levels) by varying the levothyroxine (LT4) dose in patients who are deficient of, or completely devoid of, endogenous TH secretion has provided the opportunity of studying the correlation between hypothyroidism and EE. Al-Adsani et al. [46] measured REE by ventilated hood in a small group (nine patients) of patients with hypothyroid at different intervals by adjusting LT4 dose to achieve a normal, slightly reduced and a slightly elevated TSH level. The authors demonstrated an inverse correlation between TSH and REE with a change of 15% for a TSH ranging from 0.1 to 10 mIU/mL. Of interest, free T4 remained within the normal range in all of the study volunteers. Nonetheless, the changes in REE with different LT4 doses were demonstrated in every patient [46] .
A small study comparing subjects with frankly hypothyroid and subclinical hypothyroid and healthy control subjects did not observe any difference in their sleeping EE when measured by accelerometers and metabolic equivalent of task (MET) at baseline and after achieving euthyroidism [47] . This is not surprising because the frank hypokinesia is observed only in extremely severe forms of hypothyroidism; hence, the limited sensitivity of the accelerometer technique likely contributed to decreasing the ability of estimating small differences in EE.
Recently, Samuels et al. [48] have performed several clinical observations to investigate the effect of TH treatment on EE, body composition and symptoms of thyroid dysfunction like cognition, mood, or life quality measures in patients with hypothyroid.
In one cross-sectional study, the authors compared EE and body composition in patients who were receiving suppressive doses of LT4, chronic replacement dose, and euthyroid control subjects. The results of the study demonstrated that the REE of patients treated with replacement LT4, compared with individuals treated with suppressive LT4 dose, was 6% lower. Of interest, when the comparison was made with control subjects devoid of thyroid pathology, the REE was still significantly lower (4%), suggesting that LT4 therapy does not completely normalize EE. In the same group, the group free T3 correlated with REE and was significantly lower in the replacement therapy group compared with the other two groups [48] . Although the study population was heterogeneous, including patients with hypothyroid with different etiologies, and the EE recording was limited to REE, it suggests that normalization of TSH may not equate to a state of euthyroidism as it relates to energy metabolism and that a state of tissue hypothyroidism may contribute to a decrease in EE.
Following this observation, the same group conducted a cross-sectional analysis to assess the association among 140 patients with EE and TH replacement hypothyroid treated with LT4. In this study population, REE did not differ significantly between patients achieving low-normal (TSH # 2.5 mIU/mL) vs high normal TSH (TSH .2.5 mIU/mL). Conversely, free T3 level showed a direct correlation with EE, but also with indices of adiposity including body mass index (BMI), body composition, and fat free mass [49] . This latter observation is consistent with other cross-sectional studies that have clearly defined the positive association between circulating levels of T3 and adiposity [50, 51] .
Most recently, in a double-blind intervention study, Samuels et al. [52] investigated the effects of LT4 therapy adjustments in 138 patients with hypothyroid. The authors enrolled patients with hypothyroidism treated with LT4 (baseline TSH 2.21 6 0.13 mIU/mL) and modified the LT4 dose to different therapeutic goals (0.34 to 2.50, 2.51 to 5.60, and 5.61 to 12.0 mIU/mL, respectively) for 6 months. This study failed to demonstrate a significant difference in EE at the end of treatment [52] . In contrast, a secondary analysis of the data demonstrated that increases in REE/lean body mass correlated directly with increases in free T4 and free T3 levels and inversely with TSH levels.
This last study was originally designed to capture REE by ventilated hood and total EE by doubly labeled water, but unfortunately, only a minority of the study participants were assessed with the latter. Additionally, physical activity was measured by accelerometers. The use of multiple complementary methods to record EE enabled the investigators to obtain a comprehensive assessment of the components of EE in patients with hypothyroid. The results of the study, though, did not show considerable differences in EE components, BMI, or body composition among the three arms. Conversely, the authors observed a trend between REE corrected for lean body mass and changes in free T3 because of the therapy, with a point estimate of 0.11 kcal/kg/day increase in corrected REE for each 10 pg/dL increase in free T3. This trend did not reach statistical significance after correction for multiple comparisons. Of interest, consistent with other studies, TSH levels were inversely correlated with fat oxidation, and a nonsignificant direct correlation trend was observed between fat oxidation and free T3. These results indicate changes in LT4 dosage within a relative wide range of target TSH have only a limited effect on EE [52] . Importantly, the limitations inherent to the sensitivity of the techniques used to assess EE, and its components have likely contributed to reduce the statistical power of the study and thus to underestimate the relation between TH replacement dose and changes in EE and its components.
Collectively, the data indicate that changes in LT4 therapy within the range commonly used in clinic are not sufficient to generate a measurable change in EE recordings, whereas there is a good correlation between circulating levels of T3 and EE. Of interest, in a trial [53] in which we substituted pharmacoequivalent doses of liothyronine for LT4 (as indicated by a TSH within a 0.5 to 1.5 mIU/mL), we observed a substantial increase in circulating T3 levels and a robust weight loss. In contrast, no remarkable difference was observed in EE (measured by ventilated hood method). This apparent paradox can be explained by the relative lack of sensitivity of the instrument and by its inability to capture the entire spectrum of the EE components.
C. Syndromes of Resistance to TH and Energy Metabolism
The syndromes of resistance to TH (RTH) [54] due to inactivating mutations of the alpha or beta TH receptor isoforms are "experiments of nature" that illustrate the effects of selective inhibition of TH signaling. Although the RTH syndrome due to mutations of the beta receptor gene has been described more than half a century ago [55] , the RTH syndrome due to mutations in the alpha receptor gene was discovered only recently [56] , presumably because of the very subtle changes in TH and TSH in patients with syndromic features, which did not point investigators to assess the molecular pathology of the TH axis. The differential relative expression of the two receptors helps in explaining the dramatic differences in phenotype and in the effects of energy metabolism. The selective prominent expression of the beta TH receptor in the pituitary and liver explains the paradoxical effects of mutations by which the phenotype is commonly associated with a state of increased metabolism due to a shift of the TSH-TH correlation, with consequent overexposure of the other tissues to TH signaling. Of note, this is inconsistent with the original case described by Refetoff et al. [55] , which was severely hypothyroid and hypometabolic. This apparent paradox is explained by the fact that the patient was homozygous for TH receptor beta mutations. Nonetheless, the overall correlation genotype/phenotype in RTH beta is still not completely defined, and patients sharing the same mutations can have dramatically different clinical presentations [57] , ranging from asymptomatic, to mild resistance, to florid hyperthyroidism with severe hypermetabolic state, as observed in the selective pituitary RTH [58] (Weintraub syndrome) [59] . The relative expression of the mutant receptor in tissues due to the interaction with transcription factors and enhancer sequences explains in part the variability in the dominant-negative effect of the mutant allele, leading to the different phenotype [60] .
Mitchell et al. [61] showed that REE was substantially higher (;18%) in patients with RTH beta compared with euthyroid controls. In this study, taking the skeletal muscle as a major determinant of EE, the author performed 13 C/ 31 P-magnetic resonance spectroscopy in a subset of these patients to assess in vivo resting mitochondrial energy metabolism, which showed a substantial increase (;60%) in mitochondrial energy uncoupling. Thyroid function, as reflected by T4 levels, was twofold increased, and REE was increased by ;15% in these individuals, as compared with age-and BMI-matched control subjects. Rates of substrate oxidation via the tricarboxylic acid cycle were 75% higher in the muscle of RTH individuals compared with control subjects [120.7 6 17.2 vs 68.9 6 5.1 nmol/(g 3 min)]. Resting rates of muscle ATP synthesis, as assessed by 31 P-magnetic resonance spectroscopy, tended to be slightly lower in RTH patients compared with control subjects, resulting in a significant increase (;60%) in mitochondrial energy uncoupling, as assessed as the ratio between tricarboxylic acid cycle flux and rates of ATP synthase flux in the RTH group as compared with the control subjects. Collectively, RTH beta is associated with a considerable increase in EE, whereas the RTH alpha is associated with a hypometabolic state due to the near ubiquitous distribution of the alpha receptor with minimal effects on the hypothalamus-pituitarythyroid axis [62] .
Aside from the RTH syndromes, pseudohypoparathyroidism type 1A [63] , which is caused by a maternally inherited loss of function of the GNAS gene encoding for the stimulatory subunit alpha of the G-protein signal transduction complex, is associated with mild resistance to TSH and therefore with a relative state of hypothyroidism, which in turn leads to decreased EE, contributing to their obese phenotype. Multiple other mechanisms and associated conditions are also described and likely contribute to the final clinical outcome, including decreased thermic effect of food [64] and insulin resistance.
Interestingly, the generalized decrease in deiodinase activity due to mutations of the SBP2 gene causes a mild form of hypothyroidism, myopathy, and generalized reduction in the metabolism of reactive oxidative species [65, 66] is associated with failure to thrive [67] rather than, as one could expect, from the relative decrease in T3 levels due to reduction in T4 to T3 conversion. To the best of our knowledge, no formal assessment of EE has been performed in these patients, and it is possible that the complex multiorgan manifestation of the syndrome trumps the predicted reduction in EE.
D. Functional Adaptation of TH Axis to Energy Status
Although the TH axis role as a major driver of EE is well defined and recognized, mounting evidence indicates that the overall energy status of the organism affects the TH axis in a sort of afferent loop. In this context, the TH axis can be expanded to an adipose tissuehypothalamus-pituitary-thyroid axis in which the secretion of leptin from adipocytes stimulates the release of TRH, which in turn promotes the secretion of TSH, ultimately promoting the secretion of TH and peripheral conversion of T4 into T3. The clinical correlate of these observations is the association between adiposity and serum T3 levels [51] , and several cross-sectional studies that indicate a noteworthy association between T3 levels and EE (see above). Importantly, this correlation is lost following weight reduction interventions, and the decrease in T3 (and EE) observed in post-weight loss individuals [68, 69] is thought to be a major contributor to the "metabolic memory" [70] , which in turn is a major driver in weight regain. Redman et al. [71] showed that after 15% calorie restriction and weight loss, a metabolic chamber measured REE reduced ;7% after corrected for weight loss and also associated with reduced TH axis. Similar observations were made in postbariatric surgery patients after weight loss [72] . These changes are not limited to drastic weight loss interventions; in fact, we have documented a reduction in reduced total T3 and in the peripheral conversion of T4 into T3 after moderate weight loss over a period of 1 year [50] . Conversely, experimental overnutrition increases T3 levels and EE, likely as a shortterm compensatory mechanism [73] . It has to be noted that this study was performed in prisoners [74] , and thus, the validity of the informed consent process in this research project is questionable.
The replacement of T3 during weight loss interventions or its therapeutic use at supraphysiologic doses aimed to maintain or to increase EE to facilitate weight loss and postintervention weight maintenance have been attempted [75] , and dangerously high doses of THs are occasionally found in nutritional supplements [76] , the narrow therapeutic index of liothyronine, and its association with cardiovascular side effects [77] has prevented this application. In contrast, a more recent analysis of 29 common weight loss supplements demonstrated a much lesser amount of T3 or T4 in these products, possibly because of the enhanced awareness [78] . Nonetheless, the use of tissue-or receptor-specific thyromimetics [79] could overcome these shortcomings.
Aside from its direct action on energy-dissipating organs, TH has a key regulatory role in the central nervous system. Recent studies show that TH action in the hypothalamus regulates the metabolism in liver and BAT via the sympathetic and parasympathetic branches. T3 within the paraventricular nucleus controls glucose production and hepatic insulin sensitivity via sympathetic liver innervation. Conversely, T3 within the ventromedial nucleus induces sympathetic nervous system-mediated BAT activation. Timing and the route of administration, as well as acute vs chronic use of T3, were also found to be contributing factors to the effects of TH action in the central nervous system [80] .
Conclusions
The effects of TH on energy metabolism are pervasive and well recognized in clinical evident thyroid dysfunction. The relative paucity of data on the effects of mild thyroid dysfunction on EE and energy metabolism is likely due to the relative insensitivity of the tools used to assess EE and its components in humans. Modulation of the TH axis to exploit its actions on EE remains an area of active research and promising drug development.
